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ABSTRACT
Anomalies in global vegetation greenness, SST, land surface air temperature, and precipitation exhibit linked,
low-frequency interannual variations. These interannual variations were detected and analyzed for 1982–90 with
a multivariate spectral method. The two most dominant signals for 1982–90 had periods of about 2.6 and 3.4
yr. Signals centered at 2.6 years per cycle corresponded to variations in the El Niño–Southern Oscillation index
and explained about 28% of the variance in anomalies of SST, land surface air temperature, precipitation, and
vegetation; these signals were most pronounced in 1) SST anomalies in the eastern equatorial Pacific Ocean, 2)
land surface vegetation and precipitation anomalies in tropical and subtropical regions, and 3) land surface
vegetation, precipitation, and temperature anomalies in North America. Signals at 3.4 years per cycle corresponded to variations in the North Atlantic oscillation index and explained 8.6% of the variance in the combined
datasets; their occurrence was most pronounced in 1) Atlantic SST anomalies, 2) in land surface temperature
and vegetation anomalies in Europe and eastern Asia, and 3) in precipitation and vegetation anomalies in subSaharan Africa, southern Africa, and eastern North America. Anomalies in vegetation were positively related
to anomalies in precipitation throughout the Tropics and subtropics and in midlatitudes in the central parts of
continents. Anomalies in vegetation and temperature were positively linked in coastal temperate climates such
as in Europe and eastern Asia. These associations between temperature and vegetation may be explained by the
sensitivity of the length of growing season to variations in temperature.

1. Introduction
Near-cyclical interannual variations in global precipitation and temperature result in cycles of increased and
decreased vegetation photosynthesis. These climate-driven
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variations in vegetation photosynthesis affect the hydrological cycle, the carbon cycle, and the energy balance.
Thus, understanding the couplings between climate and
vegetation should lead to improved projections of the impacts of climate change on vegetation-mediated changes
in land surface water, carbon, and energy fluxes. Seasonal
oscillations in land surface photosynthesis and respiration
result in seasonal oscillations in atmospheric carbon dioxide (CO 2 ; Tucker et al. 1986; Fung et al. 1987). A link
between interannual variations in plant photosynthesis and
atmospheric CO 2 therefore seems plausible.
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Several studies found climate-related interannual variations in photosynthetic activity of vegetation. One line
of evidence is from atmospheric CO 2 observations; e.g.,
Keeling et al. (1995) inferred 3–7-yr and decadal cycles
in carbon uptake by land surface vegetation. They related the 3–7-yr cycles to alternating states of the El
Niño–Southern Oscillation. Tans et al. (1990) found evidence to support long-term sequestration of atmospheric CO 2 by land surface vegetation, possibly driven by
trends in climate.
Another line of evidence for climate-driven interannual variations in vegetation was established from multiyear data records collected by the Advanced Very High
Resolution Radiometer (AVHRR) aboard the National
Oceanic and Atmospheric Administration (NOAA) satellites. The AVHRR normalized difference vegetation
index (NDVI) is near proportional to the amount of
visible light absorbed for photosynthesis by land surface
vegetation (Asrar et al. 1984; Sellers 1985). Climatedriven interannual variations in the NDVI were detected
in the Sahel (Nicholson et al. 1998; Tucker and Nicholson 1999), in Africa (Anyamba and Eastman 1996),
and in South America and Australia (Myneni et al.
1996).
Potter and Klooster (1998) suggested that large interannual variations in tropical vegetation over time
should lead to increased sequestration of carbon from
atmospheric CO 2 . Braswell et al. (1997) found lags of
2–3 yr between atmospheric CO 2 concentrations,
AVHRR NDVI, and satellite retrievals of tropospheric
temperatures for the 1980s, and suggested that these lags
were related to nutrient feedbacks and temperature sensitivity of decomposition. Randerson et al. (1999) found
that differences in the rates of decomposition and photosynthesis could explain the terrestrial CO 2 sink suggested by Tans et al. (1990). These studies illustrate that
the interannual variation in land surface photosynthesis
is likely to be an important factor in the distribution of
land surface CO 2 sources and sinks.
Detection of interannual variation in land surface vegetation from AVHRR NDVI data is not straightforward.
Variations in AVHRR NDVI result not only from variability in land surface vegetation, but also from cloud
effects, viewing geometry, variations in sensor sensitivity, solar illumination geometry, and atmospheric effects (Los et al. 1994; Sellers et al. 1996a; Gutman and
Ignatov 1995; Gutman 1999). Some authors therefore
question the realism of interannual variation in land surface vegetation derived from AVHRR observations
(e.g., Brest et al. 1997). Others assume that the interannual signal from vegetation is significantly larger than
that of interferences due to other sources. For example,
Myneni et al. (1998) assumed that in high northern latitudes the effects of volcanic aerosols during 1982–83
and of solar zenith angle variations during 1982–91
were smaller than their estimates of increased vegetation
greenness and lengthening of the growing season.
Malmström et al. (1997) found evidence in surface
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observations to support interannual variations in vegetation data. The increase in AVHRR NDVI during the
1980s was confirmed by ground measurements in some
areas but not in others. They also found that corrections
for sensor degradation, volcanic aerosols, and solar zenith angle effects improved realism of interannual variations in AVHRR NDVI data, and that these corrections
reduced the increase in NDVI during the 1980s that was
reported by Myneni et al. (1998).
The hydrological and carbon cycle impacts of interannual variations in vegetation can be assessed only if
accurate estimates of this variability can be observed.
The purpose of the current paper is to 1) detect statistically significant interannual variations in vegetation
that are related to interannual variations in climate, and
2) explore mechanisms that explain interannual variations in vegetation. Specifically, we provide an assessment of interannual variations in the global AVHRR
NDVI data as they are related to interannual variations
in land surface air temperature, land surface precipitation, and sea surface temperature (SST). The analysis
is based on a multivariate frequency domain decomposition (Mann and Park 1994, 1996, 1999).
2. Data
The following six global datasets were analyzed: an
AVHRR NDVI dataset (Los et al. 2000); two land surface precipitation datasets: a gridded dataset and a point
dataset (Eischeid et al. 1991; Baker et al. 1994); two
land surface air temperature datasets: a gridded dataset
and a point dataset (Jones et al. 1998); and an SST
dataset (Reynolds 1988; Reynolds and Marsico 1993).
Because data are from different sources—from satellite
and ground measurements—we expect that errors
among these datasets are uncorrelated. Analysis of common modes of interannual variation in these data should
thus enhance shared signals and suppress errors.
a. FASIR NDVI
We used the 18 by 18 FASIR NDVI dataset by Los
et al. (2000) [FASIR is a long acronym having to do
with corrections that involve Fourier adjustment, solar
zenith angle, interpolation, and reconstruction—see Los
et al. (2000) and the following list]. This dataset is adjusted for 1) effects of sensor degradation in the
AVHRRs aboard NOAA-7, -9, and -11 (Los 1998a); 2)
volcanic aerosol effects from April 1982 until December
1983 caused by the El Chichón eruption; 3) outliers in
NDVI time series that result from aerosols and clouds;
4) variations in solar zenith angle; 5) missing data; and
6) severe cloud effects over tropical forests (Los 1998b;
Los et al. 2000). This dataset reflects interannual variation in vegetation greenness more realistically than datasets without these corrections (Malmström et al. 1997;
Los et al. 2000). Effects related to the period of sensor
operation and to changes in data collection from one

Unauthenticated | Downloaded 01/09/23 01:23 PM UTC

1 APRIL 2001

1537

LOS ET AL.

satellite to the next are strongly reduced. FASIR NDVI
anomalies were calculated for 1982–90 as departures
from the monthly mean.
b. Land surface air temperature
Monthly mean land surface air temperature anomaly
data at 58 by 58 and monthly mean land surface temperature station data were obtained from the NOAA
National Climate Data Center (NCDC) for 1982–90
(Jones et al. 1998). The 58 by 58 data were resampled
to 18 by 18 by repeating the 58 by 58 value for 25 18 by
18 grid cells. Anomalies were recalculated to obtain zero
mean for 1982–90. To increase spatial resolution in areas with a dense observation network such as in North
America, Europe, and parts of East Asia, station data
were averaged over 18 by 18. Several grid cells contained
more than one station, others contained one station, and
a large number contained none. Anomalies were calculated from the station data for 1982–90 and, where
available, they replaced the 58 by 58 data.
c. Land surface precipitation
Monthly land surface precipitation anomaly data at
58 by 58 resolution and monthly land surface precipitation station data were obtained from the NOAA NCDC
for 1982–90 (Eischeid et al. 1991). The 58 by 58 data
and station data were treated similar to the land surface
air temperature data.
Dai et al. (1997) showed that the correlation radius
for global precipitation anomalies is approximately 250
km. This will affect the results of our regression analysis
in regions where we use a 58 by 58 value to represent
a 18 by 18 grid cell. In our dataset, these regions are in
the central parts of Asia, in deserts, and in tropical forests. The multivariate spectral analysis that is based on
a singular value decomposition in the spectral domain
(section 3a) is not affected by the resampling of 58 by
58 data to 18 by 18, because the observations are simply
repeated. The alternative, regridding all data to 58 by
58, is less desirable since averaging will reduce or in
extreme cases cancel interannual variations in 18 by 18
datasets (SST and NDVI), and in the precipitation and
temperature data where a dense network of stations exists.

e. Merging global data
The global time series of FASIR NDVI, land surface
air temperature, land surface precipitation, and SST
were combined in three arrays (NDVI, precipitation, and
temperature) of 108 monthly time steps, 3608 longitude,
and 1808 latitude. FASIR NDVI, land surface air temperature, and land surface precipitation had one realization in one array each. SSTs had a realization in all
three arrays (see Figs. 2 and 3 for an example of the
mapping of the arrays). The arrays were combined in
one large two-dimensional matrix of N 5 108 rows
(months) and M 5 19440 columns (combined ocean
and land surface datasets 3 degrees longitude 3 degrees
latitude 5 3 3 360 3 180).
Data were normalized according to
x n(m) 5 [X (m)
n L a cos(f )/sa ]/M,

(1)

where X (m)
refers to the original data, n 5 1, . . . , (N
n
5 108), m 5 1, . . . , (M 5 19 440), cos(f ) is the cosine
of the latitude, and L a is the number of grid cells for
population a (FASIR NDVI, SST, land surface temperature, and precipitation). Scaling by the factor L a /M
gives each population equal weighting, regardless of
size. The standard deviation sa for the entire population
is given by

O (X )/(NL 2 1)4

sa 5 3

2
a

a

0.5

,

(2)

where Xa are the zero-mean anomalies for population a.
A more common approach is to normalize data by
grid cell, by month, or by both. This normalization is
less desirable for the analysis of vegetation and rainfall
data because these data have zero signals in large areas
(deserts) and during long time periods (e.g., winter for
the vegetation index); division by the standard deviation
of a close to zero value reduces the signal-to-noise ratio.
3. Analysis
In the current section, we identify statistically significant joint interannual variation in the anomalies of
FASIR NDVI, land surface air temperature, land surface
precipitation, and SST (section 3a). We then add these
signals and identify spatially variations in dependencies
of interannual variation in vegetation anomalies on precipitation and temperature anomalies (section 3b).
a. Multispectral singular value decomposition

d. Sea surface temperature
The Reynolds monthly mean SST dataset for 1982–
90 at 18 by 18 resolution (Reynolds 1988; Reynolds and
Marsico 1993) was obtained from the Data Support Section at the National Center for Atmospheric Research.
This dataset is a blend of sea surface observations from
buoys, ships, and satellite. Monthly SST anomalies were
calculated for 1982–90.

We used a multispectral singular value decomposition
method (Mann and Park 1996) to identify areas with
common frequencies in global anomaly time series of
FASIR NDVI, land surface air temperature, land surface
precipitation, and SST. The method by Mann and Park
(1996) identifies common frequencies in spatiotemporal
data regardless of phase; it also provides levels of significance for each frequency. The technique has been
used in several studies to detect joint spatiotemporal
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modes of interannual variation (see, e.g., Park and
Maasch 1993; Mann and Park 1994, 1996, 1999; Lall
and Mann 1995; Koch and Mann 1996; Tourre et al.
1999). In this section we discuss parts of the techniques
that are relevant for our analysis. A comprehensive discussion of the multispectral singular value decomposition is given in Mann and Park (1999).
The multispectral singular value decomposition has
five components:
1) Multitapering of the time series. In a single taper
approach, leakage effects in Fourier transforms are
reduced by multiplying time series with weights that
gradually decrease to zero near the tails. Single tapers have the disadvantage that the signal at the tails
is lost. Application of multiple, orthogonal tapers
avoids leakage effects, and at the same time retains
a larger proportion of the signal in the Fourier transform (Thomson 1982). We select K 5 3 tapers as in
Mann and Park (1996).
2) Calculate spectra for each time series. A fast Fourier
transform is applied to each of the tapered time series.

Ow
N

Y k(m) 5

x e 2p i f nD t ,

(k) (m)
n
n

(3)

n51

where w n(k) (n 5 1, . . . , N) is the kth taper, and Dt
is the time step (1/12 year). The transforms of each
of the tapered time series are organized by frequency
in a matrix A. Matrix A has M rows (one for each
location) and K columns (one for each taper):


w1 Y 1(1)
A5 _

(M )
w M Y 1



w1 Y K(1) 

_ .

w M Y K(M )

···
5
···

(4)

3) Isolate spatially coherent signals. Spatially coherent
signals centered around a particular frequency are
isolated with a complex singular value decomposition that is applied to matrix A for each frequency
f (Boisvert et al. 1988):

O l ( f )u ( f )v*,
K

A( f ) 5

k

k

k

(5)

k51

where vector u k represents the spatial empirical orthogonal functions (EOFs); v k represents the spectral
EOFs, or principal modulations (Mann and Park
1999); and l k are the eigenvalues. For each narrow
band around frequency f, we can express the variance explained by the kth mode relative to the variance explained by the other modes. This is referred
to as local fractional variance (Mann and Park 1996).
The equation is given by

s l2 ,k 5

l k2

Ol

.

K

(6)

2
j

j2k

Figure 1a shows the local fractional variance spec-

FIG. 1. Summary of spectral analysis. (a) Local fractional variance
spectrum of global anomalies in SST, land surface air temperature,
FASIR NDVI, and precipitation indicates spatiotemporal modes centered at 2.6- and 3.4-yr cycles that are significant above the 95%
level. A third, 10.3-yr cycle is indicated at the 90% confidence level
in the secular band; this cycle is indistinguishable from a secular
trend because of the short time series investigated. (b) Interannual
variation centered at 2.6 years per cycle in SST anomalies at 08 lat,
908W long (solid line) as compared with interannual variation in the
Southern Oscillation index (dashed line). The 2.6-yr signal in NDVI
anomalies from Nordeste (dots; same signal is shown in Fig. 7b) is
shown for comparison. The SST time series shown has a phase of u
5 28.68 or a lag of 20.07 yr. The NDVI 2.6-yr anomaly signal in
Nordeste shows opposite phase or a lag of about 1.3 yr. (c) Interannual
variation centered at 3.4 years per cycle in SST anomalies at 08 lat,
908W long (solid line) as compared with interannual variation in the
NAO index (dashed line). The 3.4-yr signal in the NDVI anomalies
from Nordeste (dots; same signal is shown in Fig. 7c) is shown for
comparison. The SST time series has a phase of u 5 3.28 or a lag
of 0.03 yr. The NDVI 3.4-yr signal has opposite phase or a lag of
about 1.7 yr.

trum. The local fractional variance spectrum is an
extension of a single spectrum for one time series
to a combined spectrum for multiple time series. In
this case, it reflects a joint spectrum of interannual
variation in SST, land surface NDVI, precipitation,
and air temperature.
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4) Identify significant modes in the local fractional variance spectrum. Peaks in the local fractional variance
spectrum above noise levels indicate potentially significant narrowband spatiotemporal signals in the
data. Statistical significance of modes of interannual
variation can be tested with a bootstrapping procedure
(Efron 1990). The spatial data fields were left intact,
but the monthly fields were permuted into semirandom sequences of the same length. This procedure
was repeated 100 times, and the multitaper singular
value decomposition was applied to each of the 100
realizations. The confidence levels indicate statistically significant peaks in the local fractional variance
spectrum at frequencies of f 5 0.375 (2.6 years per
cycle) and f 5 0.281 (3.4 years per cycle; see Fig.
1a). The decadal signal centered at f 5 0.094 or 10.4
years per cycle falls in the secular band; that is, because of the short time series, the decadal variation
cannot be distinguished from modes with lower frequencies such as a secular trend.
5) Reconstruct statistically significant narrow band signals. At each grid point, a time domain signal was
estimated from the complex valued principal modulations v k centered at frequencies f 5 0.375 and f
5 0.281. Linear combinations of the principal modulations v k were fitted on the original time series data
with an iterative procedure (Mann and Park 1996).
The statistically significant signals at frequencies f
5 0.375 and f 5 0.281 were estimated consecutively
because they could otherwise not be separated. First
the signal at ( f 5 0.375) was estimated (highest level
of significance) and reconstructed. The reconstructed
signal was subtracted from the data. A second local
variance spectrum was calculated to verify that a
significant signal at f 5 0.281 existed after the signal
at f 5 0.375 was removed. This signal at f 5 0.281
was then estimated and removed.
6) Converting reconstructed signals to original units.
The reconstructed signals were converted to their
original units by rearranging Eq. (1):
)
(7)
X (m,f
5 [x n(m,f )sa M/L a ]/cos(f ),
n
with f referring to the central frequency of the reconstructed signal.
The reconstructed time domain signals for selected sites
are shown in Figs. 1b and 1c. Reconstructed time domain
signals at other locations may vary in magnitude and phase
from these examples. Areas with small or zero magnitudes
have an insignificant response at these frequencies. Note
that for different sites the amplitude of the signal may be
modulated; signals with otherwise the same phase may be
larger or smaller for a particular time period relative to
one another. The progression of the reconstructed signals
of all variables investigated is shown in Figs. 2 and 3.
b. Regression analysis
The combined signal summed the signals with 2.6and 3.4-yr cycles. A regression analysis was applied on

these combined time series. The NDVI anomalies of the
combined signal, DNDVI, were assumed to be linearly
dependent on precipitation and temperature anomalies
DNDVI 5 b 0 1 b1 DP 1 b 2 DT 1 e,

(8)

where b 0. . .2 are regression coefficients, DP are precipitation anomalies (mm), DT are temperature anomalies
(K), and e is the residual. Figure 4 shows the singledegree-of-freedom effects on the NDVI anomalies explained by anomalies in precipitation and temperature
for each grid cell. The square of the single-degree-offreedom effects is equivalent to the sum of squares explained by a particular variable.
The dependencies of vegetation variations on temperature and precipitation anomalies as found in the
regression analysis are illustrated with time series of
selected sites (Figs. 5–9).
4. Results
The aim of the current paper is 1) to detect common
modes of interannual variation in SST and land surface
NDVI, precipitation, and air temperature data and 2) to
investigate how these interannual variations in climate
and vegetation are related.
Two dominant modes of interannual variation were
detected during the 1980s in the SST and land surface
NDVI, precipitation, and air temperature (Fig. 1a). The
largest mode of interannual variation with a period of
about 2.6 yr explained 28% of the total variance in these
datasets. This mode was strong in SSTs in the eastern
equatorial Pacific Ocean and corresponds well with variations in the Southern Oscillation index during the
1980s (Fig. 1b). Because of this close resemblance during the 1980s, we refer to the 2.6-yr oscillation as ENSO
oscillation.
A second mode with a period of about 3.4 yr explained about 8.6% of the total variance in these datasets. Regionally this variance can be much larger. The
amplitude of the signal provides an indication of the
variance explained in a region (Fig. 3). The time series
from the eastern equatorial Pacific SSTs at this frequency corresponds well with cycles in the North Atlantic oscillation (NAO) index during the 1980s (Fig.
1c). We will refer to the 3.4-yr oscillation as NAO,
although over longer time periods, the NAO index exhibits modes of interannual variation at timescales of
2–7 yr and at decadal and longer timescales (Hurrel
1995 1996; Van Loon and Rogers 1987). Signals with
a period of about 3.4 yr were especially strong in land
surface temperatures over Eurasia during the 1980s (section 4b).
There are indications for a decadal mode from other
analysis of longer time series of land surface air temperature and sea level pressure that is especially strong
during the 1980s (Mann and Park 1996). Because the
NDVI data span a period of 9 yr, it is not reasonable
to draw conclusions about decadal variations from the
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FIG. 2. Progression of interannual variation at ENSO frequencies in SST anomalies over the oceans, and in anomalies of NDVI, land
surface precipitation, and land surface air temperature over the land surface during the first 17 months of the 2.6-yr ENSO cycle. Each map
has the same SST anomalies; over land, anomalies in NDVI, land surface precipitation, and temperature are shown, respectively. Color bar
indicates anomalies normalized by the standard deviations of the respective populations: (a) t 5 1 month, (b) t 5 9 months, and (c) t 5 17
months.

current analysis. Analysis of this mode is therefore not
discussed further, other than to point out that it was
present in SSTs in the eastern equatorial Pacific Ocean,
in land surface air temperatures throughout mid and high
Northern latitudes, and in NDVI over temperate regions
(Europe, East Asia, and northwestern and eastern North
America). The positive relationship between NDVI and
temperature in these land surface areas was also found
in the ENSO and NAO frequencies (section 3b). Lau
and Weng (1999) found a strong decadal component in
ENSO signals that explained occurrence of weaker and
stronger ENSOs. Our results indicate that the ‘‘decadal

mode’’ affected SSTs in the eastern equatorial Pacific
Ocean in a similar fashion.
a. El Niño–Southern Oscillation
Figure 2 shows a sequence through the first half of
a 2.6-yr cycle. ENSO-type oscillations in the Walker
circulation are reflected in alternations of positive and
negative SST anomalies at the equator that are contiguous with precipitation and NDVI anomalies over land.
In various cases, anomalies over land have similar sign
as the adjacent SST anomalies [see, e.g., SSTs in Canada
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FIG. 3. Progression of interannual variation at NAO frequencies in anomalies over oceans in SST, and in anomalies over land in NDVI,
precipitation, and air temperature during the first 21 months of the 3.4-yr NAO cycle. Color bar indicates anomalies normalized by the
standard deviations of the respective populations: (a) t 5 1 month, (b) t 5 11 months, and (c) t 5 21 months.

and the northwest Atlantic Ocean, SSTs northwest of
Australia, and NDVI (and precipitation) anomalies in
central and southeast Australia in Fig. 2]. In other cases,
signs of land surface anomalies and adjacent SST anomalies are opposite (e.g., positive SST anomalies in the
equatorial Pacific Ocean and negative precipitation and
NDVI anomalies in the Amazon). Note that anomalies
in the equatorial Atlantic Ocean are negative and are
contiguous with NDVI and precipitation anomalies in
the Amazon (Fig. 2e). This result is in agreement with
the effect of Atlantic SST variations on rainfall intensity
found by Moura and Shukla (1981).

Over land, the 2.6-yr cycle had strong signals in precipitation in tropical and subtropical regions in South
America, Australia, the horn of Africa, Southern Africa,
and in western and central parts of North America. Vegetation anomalies are closely linked to these precipitation anomalies. Signals at 2.6 yr in air temperature
were strong throughout North America and in northern
parts of Eurasia. Correlations between temperature and
vegetation anomalies vary from one region to the next
throughout North America. The coupling between temperatures and NDVI is moderately strong in eastern and
western Eurasia.
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FIG. 4. Single-degree-of-freedom effects in reconstructed (2.6 and 3.4 yr) NDVI anomalies explained by (a) reconstructed land surface
precipitation anomalies and (b) land surface air temperature anomalies. Color bar indicates an increase (red) or decrease (blue) in NDVI
with an increase in either (a) precipitation or (b) temperature. White areas indicate oceans and missing data. A 3 by 3 spatial median filter
was applied to enhance the image.

b. North Atlantic oscillation
The NAO has modes at different timescales ranging
from 2–7 yr to decadal and longer cycles (Hurrel 1995,
1996). In our analysis, the 3.4-yr cycle corresponds
closely to variations in the NAO during the 1980s (Fig.
1c). The land surface temperature component in Eurasia
is the dominant signal at this frequency; variations in
SSTs are smaller, especially when compared with the
signals at 2.6 yr. Anomalies in 3.4-yr cycles of SST
appear contiguous with those of precipitation and NDVI
over land.
Strong relationships appear between temperature and

NDVI in Europe, weaker linkages appear in east Asia;
insignificant relationships between temperature and
NDVI were found in central Asia. The eastern parts of
North America show 3.4-yr oscillations in rainfall and
NDVI, but 2.6-yr oscillations in temperature.
c. Dependencies of vegetation on precipitation and
temperature
The signals at 2.6 and 3.4 yr were added to investigate
the dependencies of NDVI variations on precipitation
and temperature in more detail. The dependency of
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NDVI variations on precipitation and temperature variations was estimated with linear regression (section 3b).
The spatial distribution of these dependencies are shown
in Fig. 4. We highlight the following results:
R Several high northern-latitude regions and mountainous regions (Alps, Himalayas) show a decrease in
NDVI with increased precipitation (Fig. 4a) and a
weak dependency of NDVI anomalies on temperature
(Fig. 4b). The negative correlations between NDVI
and precipitation could indicate a link between precipitation and snow cover extent, dependent on the
seasonality of precipitation. Increased precipitation
could lead to increased snow cover, and this could
lead to decreased NDVI values because snow has an
NDVI value near 20.3. A decrease in snow cover as
observed during the 1980s (Groisman 1994) could
thus lead to an increase in NDVI. Snow effects should
be accounted for in the analysis of dependencies between vegetation and climate.
R In temperate latitudes, regions with both positive and
negative relationships between NDVI and temperature
exist. In Europe NDVI increases with temperature,
but also with precipitation. Weaker positive relationships between NDVI and temperature were found in
coastal regions of North America, west of the Mississippi, and in western Eurasia. Negative relationships between NDVI and temperature were found in
North America (central east coast and Texas) and in
central Asia. These regions tend to have positive relationships between NDVI and precipitation. The positive relationship with precipitation and NDVI and
negative relationship between NDVI and temperature
suggests that moisture availability is limiting vegetation growth. In areas where moisture may be less
limiting (e.g., in parts of Europe), NDVI tends to show
strong positive relationships with temperature. It is
surprising that NDVI increases are most closely linked
to temperature increases in temperate latitudes and are
less dependent on temperature increases in high northern latitudes reported by Myneni et al. (1998). The
higher sensitivity in temperate latitudes suggests a
nonlinearity in the NDVI response to temperature variations (see section 5b).
R In tropical and subtropical regions, NDVI variations
are parallel with precipitation anomalies and antiparallel with temperature. Associated with increased precipitation are increased cloudiness, which reduces incoming solar radiation, and increased moisture available for plants, which leads to increased evapotranspiration. Both effects lead to decreased temperature,
which may, at least in part, explain the negative relationship between NDVI and temperature for large
parts of the Tropics and subtropics. Braswell et al.
(1997) also found that, in tropical areas, NDVI decreased with increasing temperature.

d. Interannual variations at selected sites
The dependencies of NDVI variations on temperature
and precipitation found in Fig. 4 are discussed for selected regions.
1) EURASIA
The central northern parts of Russia (Figs. 5a–d) show
inverse relationships between NDVI and precipitation
anomalies at both ENSO and NAO frequencies. The
anomalies in the combined temperature signals tend to
be negatively related to those in the NDVI during the
first part of the 1980s and positively related during the
second part. The consistent relationship between NDVI
and precipitation and inconsistent relationship with temperature supports our earlier notion that NDVI could be
affected by snow cover, rather than by variations in
vegetation cover. If true, we expect variations in precipitation (snow) during spring and fall to be causing
this effect.
In Europe a very strong connection between anomalies in NDVI and land surface air temperature exists
in 3.4-yr (NAO) signals (Figs. 5e–h). A positive correlation exists with smaller 2.6-yr signals in land surface
temperature and precipitation. The 3.4-yr cycles explain
most of the variance in the combined NDVI and temperature anomalies. The close association between temperature and NDVI, and weaker association with precipitation indicates that moisture is in general not limiting vegetation growth in Europe.
2) NORTH AMERICA
The east coast of North America exhibits variations
in temperature anomalies at ENSO timescales (Figs.
6a–d). However, unlike Europe where NDVI variations
were closely linked to temperature variations, temperature variations in the East Coast seem unrelated to
NDVI variations. Variations in NDVI anomalies are
closely linked to those in precipitation instead, both at
ENSO and NAO timescales, with NAO signals dominating (Fig. 6d).
3) SOUTH AMERICA
Nordeste (Brazil) has strong ENSO signals in anomalies of NDVI, precipitation, and temperature (Figs.
7a–d). NDVI and precipitation anomalies are positively
linked (Myneni et al. 1996); temperature anomalies are
negatively linked with both precipitation and NDVI
anomalies. These relationships are consistent with a
cooling effect of precipitation (through increased cloudiness and increased evapotranspiration) in tropical regions. The NAO component of NDVI and precipitation
is similar in magnitude to the ENSO component in line
with results by Moura and Shukla (1981), who suggested that rainfall in Nordeste was affected by SST
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FIG. 5. Cycles at ENSO and NAO frequencies during the 1980s in NDVI anomalies (solid lines), land surface precipitation anomalies
(bars), and land surface temperature anomalies (dots) from selected sites in Eurasia. (a) (b) Location of sites. (b) (f ) NDVI, land surface
precipitation, and temperature anomalies at ENSO (2.6 yr) cycles. (c) (g) Same as (b) and (f ) but for NAO (3.4 yr) cycles. (d) (h) ENSO
(b) and (f ) and NAO (c) and (g) cycles combined.

variations in the Atlantic Ocean. The NAO component
of temperature variations is weaker. Interference of the
ENSO and NAO signals leads to stronger precipitation
and NDVI effects during the first half of the 1980s and
weaker effects during the second half.

4) AFRICA
The African continent has fairly strong signals with
3.4-yr cycles (Fig. 3). These 3.4-yr signals are also apparent in SST anomalies in the Atlantic and Indian
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FIG. 6. Cycles at ENSO and NAO frequencies during the 1980s in NDVI anomalies (solid lines), land surface precipitation anomalies
(bars), and temperature anomalies (dots) from selected sites in North America. (a) Location of site. (b) NDVI anomalies (solid line), land
surface precipitation anomalies (bars), and temperature anomalies at ENSO (2.6 yr) cycles. (c) NDVI anomalies (solid line), land surface
precipitation anomalies (bars), and temperature anomalies at NAO (3.4 yr) cycles. (d) NDVI anomalies (solid line), land surface precipitation
anomalies (bars), and temperature anomalies at ENSO and NAO cycles combined.

FIG. 7. Cycles at ENSO and NAO frequencies during the 1980s in NDVI anomalies (solid lines), land surface precipitation anomalies
(bars), and temperature anomalies (dots) from selected sites in South America. (a) Location of site. (b) NDVI anomalies (solid line), land
surface precipitation anomalies (bars), and temperature anomalies at ENSO (2.6 yr) cycles. (c) NDVI anomalies (solid line), land surface
precipitation anomalies (bars), and temperature anomalies at NAO (3.4 yr) cycles. (d) NDVI anomalies (solid line), land surface precipitation
anomalies (bars), and temperature anomalies at ENSO and NAO cycles combined.
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FIG. 8. Cycles at ENSO and NAO frequencies during the 1980s in NDVI anomalies (solid lines), land surface precipitation anomalies
(bars), and temperature anomalies (dots) from a region in eastern Africa. (a) Location of site. (b) NDVI anomalies (solid line), land surface
precipitation anomalies (bars), and temperature anomalies at ENSO (2.6 yr) cycles. (c) NDVI anomalies (solid line), land surface precipitation
anomalies (bars), and temperature anomalies at NAO (3.4 yr) cycles. (d) NDVI anomalies (solid line), land surface precipitation anomalies
(bars), and temperature anomalies at ENSO and NAO cycles combined.

Oceans (Fig. 3). The 3.4-yr anomalies in precipitation
and NDVI are modified by signals at ENSO frequencies.
This is illustrated with time series of NDVI and precipitation in the Horn of Africa (Figs. 8a–d). Combination of NAO and ENSO signals (Fig. 8d) reflects the
typical drought pattern in sub-Saharan Africa during the
1980s (Tucker and Nicholson 1999).
5) SOUTHEAST AUSTRALIA
Figures 9a–d indicates that both ENSO and oscillations affect precipitation and temperature anomalies.
ENSO and NAO combined produce a large positive
rainfall anomaly in 1984 and a drought in 1987 and
cancel each other’s influence in the late 1980s and 1990.
Interference of these two oscillations could provide an
explanation for the unpredictability of ENSO effects in
this continent. Incorporation of an NAO-type oscillation
could lead to improved forecasts of droughts or rainfall
events.
5. Discussion
In this paper we report statistically significant modes
of interannual variation in anomalies of SST, land surface NDVI, precipitation, and air temperature and explore relationships between vegetation and climate in
these signals. Several shortcomings have been reported
in the NDVI data that could in principle limit the validity

of the analysis. To overcome these potential problems,
we used an NDVI dataset in which interferences, that
is, signals from sources other than vegetation, were reduced. To increase the signal-to-noise ratio, we analyzed
data from different sources—from satellite and ground
stations—that are subject to different types of errors.
The observed positive relationship between temperature and NDVI anomalies in temperate coastal regions
(e.g., Europe) could be an artifact in the data. Increased
temperatures could be associated with decreased cloud
cover, decreased cloud cover could reduce interference
with the land surface signal, and this could increase the
NDVI. If this were true, we would expect a negative
relationship between precipitation and NDVI in these
areas. However, several of the areas with a positive
NDVI temperature relationship also show a positive relationship with precipitation. We do find a negative relationship between NDVI and precipitation in some
tropical areas. This relationship could be caused by
cloud effects, but could also be the result of a low measurement density of the precipitation data. The accuracy
of the analysis is limited in areas with a low density of
measurements such as in deserts and the Tropics.
a. Interannual variation
We detected two statistically significant modes of interannual variation in anomalies of SST, land surface
NDVI, precipitation, and air temperature during the
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FIG. 9. Cycles at ENSO and NAO frequencies during the 1980s in NDVI anomalies (solid lines), land surface precipitation anomalies
(bars), and temperature anomalies (dots) from selected sites in Australia. (a) Location of site. (b) NDVI anomalies (solid line), land surface
precipitation anomalies (bars), and temperature anomalies at ENSO (2.6 yr) cycles. (c) NDVI anomalies (solid line), land surface precipitation
anomalies (bars), and temperature anomalies at NAO (3.4 yr) cycles. (d) NDVI anomalies (solid line), land surface precipitation anomalies
(bars), and temperature anomalies at ENSO and NAO cycles combined.

1980s, one with a period of 2.6 yr that closely corresponds to the Southern Oscillation index, and one with
a period of 3.4 yr that closely corresponds to the NAO.
In several regions we found that these two signals interfered (South America, Africa, and Australia) and amplified or dampened interannual variations in local climate and vegetation. The ability to predict occurrences
of more than one climatic oscillation could improve
predictions of climatic extremes and their impact on
vegetation and the hydrological and carbon cycle.
The interannual variations with periods of 2.6 and 3.4
yr detected in the multispectral analysis should result
in autocorrelations with peaks at 2–3-yr lags, corresponding to the lags between temperature and NDVI
reported by Braswell et al. (1997) in global time series.
Hence the cross correlations between NDVI and temperature reported by Braswell et al. (1997) can be the
result of oscillations in the climate system. Furthermore,
the time series at the selected sites suggest smaller lags
between temperature and NDVI, at least at the regional
scale. Area-dependent temperature and NDVI relationship translate into biome-dependent correlations between these parameters that were found by Braswell et
al. (1997). The area-dependent response of NDVI to
temperature and precipitation could complicate relationships between climate, photosynthesis, and decomposition.

b. Length of growing season
The positive relationship between temperature and
NDVI anomalies found in the regression analysis suggests a mechanism for increased vegetation greenness
in temperate latitudes (Europe and eastern Asia, the
northwest coast, and to a lesser extent the east coast of
North America) because temperatures in these areas
have increased over the past couple of decades (Hansen
et al. 1999). The regression analysis also indicates a
much smaller sensitivity of vegetation variability to substantial variations in temperature in high northern latitudes. This suggests that greenness in high latitudes may
not respond as strongly to climate warming as in midlatitudes.
Several authors have indicated that variations in the
length of the growing season and an earlier spring explain variability in vegetation greenness (Goulden et al.
1996; Menzel and Fabian 1999; Spiecker et al. 1996).
We designed a simple test to see how length of growing
season varied with temperature. We calculated the
change in the number of days with mean temperature
above 58C as a result of an overall increase of 18C (Fig.
10). The sensitivity of the length of the growing season
should similarly depend on the slope of the temperature
cycle during spring and fall. The areas that are sensitive
to variations in the length of growing season also show
a strong dependency of vegetation on temperature var-
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FIG. 10. Sensitivity test of the length of growing season to variations in temperature. A cubic spline was fitted through mean monthly
temperature data [W. Cramer 2000, personal communication, updated dataset from Leemans and Cramer (1991)]. From the interpolated data,
the difference in number of days with mean temperature above 58C and 48C was established. This difference in number of days indicates
the sensitivity in length of growing season for an increase of 18C. In areas where moisture is not a limiting factor, this increase provides an
explanation for the sensitivity of NDVI on temperature variations (see Fig. 4).

iations (Fig. 4b). By the same token, areas in high northern latitudes with less sensitivity in the length of growing season and a lower correlation between vegetation
and temperature are expected to have a smaller increase
in vegetation greenness in response to warming.
Increased greenness and increased photosynthetic capacity of vegetation results in increased gross uptake of
atmospheric CO 2 . Changes in the rate of organic decomposition, which depends on moisture, temperature,
soil carbon, and nutrient availability, can amplify, diminish, or negate a net carbon flux. For example, Goulden et al. (1996) showed that in a North American eastern
temperate forest, net carbon uptake by the land surface
increased in years with increased temperatures and longer growing seasons. In a boreal forest Goulden et al.
(1998) found no substantial increase in photosynthetic
capacity with increased temperatures—similar to our
findings—but did find instead that decomposition rates
increased with temperature.
In some cases decomposition lags behind an increase
in vegetation greenness. This discrepancy results in a
net uptake of carbon by the land surface (Randerson et
al. 1999). As a result of this mechanism, areas that show
a positive relationship between NDVI and temperature
could, when temperatures increase, in principle contribute to interannual variations in carbon sequestration
or to terrestrial carbon sink.
Increased photosynthesis as a result of increased temperatures could result in increased evapotranspiration,
which counteracts the initial increase in temperature
(Bounoua et al. 2000). This effect, through evapotranspirational cooling and increased cloudiness, could contribute to the smaller increases in temperatures in Europe
as compared with the central parts of Eurasia (Hansen
et al. 1999).
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